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HIGHLIGHTS 


►  An  ultracapacitor  in  parallel  with  a  battery  was  modeled  and  tested  experimentally. 

►  The  ultracapacitor  lowered  the  energy  throughput  of  the  battery. 

►  Batteries  coupled  with  an  ultracapacitor  showed  less  capacity  loss. 

►  Batteries  coupled  with  an  ultracapacitor  showed  less  resistance  growth. 
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The  cycle  life  of  lithium-ion  batteries  was  investigated  using  a  modified  USABC  electric  vehicle  testing 
protocol  designed  to  simulate  the  effect  of  a  hybrid  energy-storage  system  (ultracapacitor  and  battery)  in 
a  plug-in  hybrid  electric  vehicle.  A  side-by-side  comparison  of  battery  capacity  and  impedance  changes 
with  and  without  the  effect  of  the  ultracapacitor  was  performed.  Calendar-life  degradation  effects  were 
corrected  for  using  control  cells.  The  battery’s  rate  of  cycle-related  capacity  degradation  decreased  by 
a  factor  of  2  and  rate  of  cycle-related  impedance  degradation,  by  a  factor  of  5.9  when  exposed  to  the 
ultracapacitor-modified  profile.  The  modified  profile  avoids  exposure  to  regeneration  energy  and  reduces 
maximum  voltage  of  the  battery. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

With  their  very  attractive  combination  of  high  specific-  and 
volumetric-power  and  energy  densities,  lithium-ion  batteries  are 
being  considered  for  use  in  many  types  of  electric  vehicles,  such  as 
hybrid,  plug-in  hybrid,  and  fully  electric  vehicles  (HEVs,  PHEVs,  and 
EVs,  respectively).  Each  vehicle  application  has  a  unique  set  of 
requirements  for  the  battery,  but  a  common  thread  among  them  is 
long  cycle  life  [1—3].  EV  and  PHEV  applications  stress  the  battery 
more  than  the  HEV  application  does  because  they  use  a  large 
fraction  of  the  available  energy  (~80%  for  an  EV,  ~  50-60%  for 
a  PHEV,  but  - 10%  for  an  HEV).  Many  ideas  have  been  proposed  to 
lessen  the  stress  on  the  battery,  thereby  increasing  its  life.  One  such 
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is  to  use  an  ultracapacitor  in  parallel  with  a  battery  to  ease  the 
power  demands  on  the  battery  [4-6].  Here,  the  ultracapacitor 
would  absorb  energy  from  regenerative  braking  and  assist  the 
battery  during  discharge.  Using  an  ultracapacitor  would  be  ex¬ 
pected  to  affect  the  cycle  life  of  a  PHEV  or  EV  battery  by  lessening  its 
energy  throughput  and  peak  discharge  power.  Quantification  of 
this  hypothesized  effect  is  the  primary  goal  of  this  work. 

In  this  study,  the  effect  of  an  ultracapacitor  in  parallel  with 
a  lithium-ion  battery  on  cycle  life  was  investigated  for  the  PHEV 
application.  Because  matching  the  operating  voltage  ranges  and 
impedances  of  a  battery  and  an  ultracapacitor  is  difficult,  the 
ultracapacitor  is  assumed  to  be  actively  connected  to  the  battery 
with  a  bi-directional  dc/dc  converter.  The  effect  of  the  ultracapacitor 
on  battery  voltage  and  energy  throughput  was  modeled  at  the 
Rochester  Institute  of  Technology.  The  results  from  the  model  were 
used  to  modify  the  charge-depleting,  dynamic  stress  test  (DST) 
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profile  that  is  used  by  the  U.S.  Advanced  Battery  Consortium 
(USABC)  to  test  PHEV  batteries  for  cycle  life.  Side-by-side  testing  was 
performed  using  the  DST  profiles  [2]  with  and  without  modification 
to  experimentally  determine  the  difference  in  degradation  rates. 

2.  Experimental  approach 

2.1.  Modeling 

The  model  battery-ultracapacitor  system  was  designed  to 
reduce  the  peak  discharge  power  on  the  battery  and  to  completely 
absorb  the  regenerative  braking  power.  In  this  way,  the  battery  was 
not  exposed  to  high  voltage  during  regenerative  braking  events. 
The  system  consisted  of  a  series  string  of  battery— ultracapacitor 
units.  Each  unit  consisted  of  an  ultracapacitor  connected  in 
parallel  with  the  battery  through  a  bidirectional  dc/dc  converter. 
The  capacitance  of  the  ultracapacitor  was  195  F  at  3.8  V.  The  total 
energy  of  the  ultracapacitor  system  that  could  be  used  was  80  W  •  h 
(minimum  to  peak)  and  its  peak  power  was  ~30kW  for  both 
charge  and  discharge.  The  round  trip  efficiency  of  the  ultracapacitor 
unit  was  fixed  at  87%. 

The  state-of-charge  (SOC)  of  the  ultracapacitor  was  managed  by 
a  set  of  threshold  rules: 

•  If  the  vehicle  power  was  all  from  regenerative  braking,  the 
ultracapacitor  should  absorb  it  all. 

•  If  the  vehicle  power  was  discharge  and  greater  than  22  kW,  the 
battery  power  was  the  vehicle  discharge  power  minus  22  kW 
from  the  ultracapacitor. 

•  At  the  same  time,  if  the  SOC  of  the  ultracapacitor  was  greater 
than  50%,  the  ultracapacitor  was  discharged  at  the  3-kW  rate 
whenever  the  vehicle  discharge  power  demand  was  greater 
than  3  kW.  This  was  to  prevent  charge  transfer  to  the  battery. 

•  If  the  SOC  of  the  ultracapacitor  was  more  than  10  W-h  below 
50%,  charging  took  place  at  the  2-kW  rate. 

This  model  was  implemented  in  Microsoft®  Excel®. 

2.2.  Testing 

Six  commercially  available,  5-A  •  h  lithium-ion  cells  were  used  for 
this  work.  The  cell  chemistry  was  based  on  LiMn204  and  graphite. 
The  tests  consisted  of  characterization  and  calendar-  and  cycle-life 
testing  using  procedures  based  on  those  in  the  USABC  Battery  Test 
Manual  for  Plug-in  Hybrid  Electric  Vehicles  [2].  Briefly,  the  batteries 
were  characterized  in  terms  of  their  capacities  at  the  C/1  and  10-kW 
rates  at  40  °C.  The  batteries  were  also  characterized  using  the  hybrid 
pulse-power  characterization  test  (HPPC)  to  determine  how  battery 
resistance  (and  power)  changes  with  SOC.  The  data  from  the  HPPC 
test  were  used  to  calculate  a  battery  size  factor  (BSF);  from  the  initial 
HPPC  results,  the  BSF  was  found  to  be  316. 

After  characterization,  two  batteries  were  cycled  using  the 
baseline  DST  profile  and  two,  with  modifications  suggested  by  the 
model.  Each  discharge  cycle  started  from  a  fully  charged  battery. 
Ten  percent  of  the  rated  capacity  was  removed  at  the  C/1  rate,  and 
the  cell  was  allowed  to  rest  for  1  h.  The  discharge  continued  by 
repeated  application  of  the  respective  DST  profile.  From  the  test 
manual,  each  discharge  cycle  removed  3.4  kWh  of  energy,  which 
was  scaled  by  the  BSF  [2].  In  this  case,  the  fixed  amount  of  energy 
was  3400W-h/316,  or  10.76  W-h.  The  batteries  were  recharged 
according  to  the  manufacturer’s  recommendations.1 


figure. 


The  remaining  two  batteries  were  tested  for  calendar  life  so  that 
the  net  effect  of  the  two  cycle-life  protocols  could  be  ascertained 
free  of  calendar-life  effects.  These  batteries  were  tested  at  60%  SOC 
(~3.92  V)  and  at  40  °C.  Sixty-percent  SOC  was  chosen  because  it 
represented  an  approximate  average  of  the  SOCs  between  which 
the  battery  would  be  cycled. 

Every  2  weeks  (100  cycles),2  testing  was  stopped  and  the 
batteries  were  characterized  by  using  a  reference  performance  test 
(RPT).  The  reference  performance  test  consisted  of  a  capacity 
measurement  at  the  10-kW  rate  and  the  HPPC  test.  Testing  was 
then  resumed  for  a  total  of  5  RPTs,  after  which  the  cells  could  not  be 
cycled  due  to  high  cell  resistance. 

The  data  from  the  RPT  measurements  were  collected,  normal¬ 
ized  to  t  =  0,  and  averaged.  The  t  =  0  points  were  omitted  from  all 
plots  and  subsequent  analyses.  For  the  sake  of  simplicity,  changes  in 
cell  performance  were  gauged  in  terms  of  10-kW-rate  capacity  and 
HPPC  resistance  at  50%  SOC  (~  3.89  V).  Plots  of  these  data  were 
then  analyzed  for  trends,  using  the  LINEST  function  in  Microsoft® 
Excel®. 

3.  Results 

3.1.  Modeling 

On  the  basis  of  results  from  the  model,  the  PHEV  DST  profile  was 
modified  as  shown  in  Fig.  1.  When  compared  with  the  baseline 
profile,  also  shown  in  Fig.  1,  it  can  be  seen  that  the  modified  profile 
limited  the  discharge  and  regeneration  power.  The  large  discharge 
power  peaks  were  lessened  and  all  regeneration  (“regen”)  power 
peaks  were  removed.  Here,  the  stored  energy  in  the  ultracapacitor 
assisted  the  battery  during  discharge. 

3.2.  Testing 

The  profiles  shown  in  Fig.  1  were  repeated  during  cell  discharge. 
Typically,  six  repetitions  were  used  to  remove  10.76  W-h.  Figs.  2 
and  3  show  the  voltage  response  of  the  cells  to  the  discharge 
profiles  shown  in  Fig.  1.  From  Figs.  2  and  3,  the  two  voltage 


1  Charge  at  the  5-A  rate  to  4.2  V;  for  constant- voltage  charge  at  4.2  V,  the  current 
is  less  than  1.5  A. 


2  1  cycle  =  discharge  10.76  W*h  of  energy  plus  recharge.  Accumulating  100 
cycles  took  2  weeks. 
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Fig.  2.  Cell  potential  vs.  time,  showing  the  voltage  response  of  the  cell  during 
discharge  using  the  baseline  profile. 


responses  were  different.  Comparing  Figs.  2  and  3  shows  that  the 
discharge  process  in  Fig.  3  is  slightly  longer  than  that  shown  in 
Fig.  2.  The  baseline  profile  (Fig.  2)  contained  regen  power  steps,  so 
energy  was  put  into  the  battery,  resulting  in  a  slightly  longer 
discharge  process  to  remove  a  fixed  amount  of  energy.  The  modi¬ 
fied  profile  also  limited  the  change  in  cell  voltage  at  each  point 
during  discharge. 

3.2.1.  Effect  of  cycling  profile  on  capacity  fade 

As  expected,  cell  capacity  decreased  with  time  and  cycle  count. 
A  plot  of  the  change  in  the  average  relative  capacity  values  for  the 
cells  tested  with  the  baseline  and  modified  profiles,  along  with 
those  from  the  calendar-life  test,  is  given  in  Fig.  4.  The  plot  shows 
that  the  calendar-life  cells  displayed  the  smallest  change  in  relative 
capacity,  and  those  cycled  with  the  baseline  profile,  the  greatest. 
The  total  capacity  losses  using  the  baseline  and  modified  profiles 
were  30  and  22%,  respectively.  Indeed,  the  total  capacity  loss  dis¬ 
played  by  the  cells  cycled  with  the  modified  profile  was  only 
slightly  larger  than  that  shown  in  the  calendar-life  test,  19%. 

A  least-squares  regression  analysis  of  the  data  in  Fig.  4  shows 
that  capacity  decline  followed  two  kinetic  rate  laws,  at112  +  b  in  the 
calendar-life  test  and  at  +  b  in  the  cycle-life  test.  The  values  of  the 
fitting  parameters  and  the  regression  coefficients  are  given  in 


Fig.  3.  Cell  potential  vs.  time,  showing  the  voltage  response  of  the  cell  during 
discharge  using  the  modified  profile. 


Fig.  4.  Average,  relative  10-kW-rate  capacity  vs.  time.  The  data  are  shown  as  points, 
and  the  least-squares  fit  to  the  data,  as  solid  curves. 


Table  2,  along  with  the  kinetic  law  used.  From  the  data  in  Table  1, 
the  fits  were  good,  with  values  of  r2  of  0.91  or  better.  Comparing  the 
values  of  a  for  the  two  cycle-life  tests  shows  that  rate  of  capacity 
loss  using  the  modified  profile  was  approximately  75%  of  that  when 
using  the  baseline  profile. 

Using  the  fits  of  Table  1  and  assuming  that  the  contributions  of 
cycling  and  calendar  time  combine  linearly,  we  recalculated  the  data 
shown  in  Fig.  4,  removing  the  effect  of  calendar  time.  These  data  are 
shown  in  the  plot  in  Fig.  5.  Because  the  calendar-  and  cycle-life 
degradation  processes  follow  different  rate  laws  (see  Fig.  4  and 
Table  1 ),  the  curve  from  the  modified  profile  displayed  an  apparent 
increase  in  capacity  (less  capacity  loss).  Comparing  the  curves  in 
Fig.  5  shows  that  the  net  effective  capacity  fade  using  the  modified 
profile  was  less  than  that  from  the  baseline  profile  by  a  factor  of  about 
3.  A  least-squares  analysis  of  the  data  in  Fig.  5  shows  that  they  could 
be  fitted  to  the  equation,  at  +  b,  with  values  of  r2  of  0.96  or  better. 
Inserting  the  values  for  the  fitting  parameters  into  this  equation 
yields  -1.41  x  10“2t  +  2.56  x  1(T2  and  -7.29  x  10  3t  +  3.48  x  10~2, 
respectively,  for  the  data  from  the  baseline  and  modified  profiles.  The 
standard  deviations  for  each  value  in  both  equations  were  (a,  b ) 
8.72  x  10  4  and  5.79  x  10-3.  The  values  of  a  in  these  equations  show 
that  the  rate  of  capacity  loss  was  slower  using  the  modified  profile 
than  using  the  baseline  profile  by  about  a  factor  of  2. 

3.2.2.  Effect  of  cycling  profile  on  resistance 

As  expected,  cell  resistance  increased  with  test  time  and  cycle 
count.  A  plot  of  the  change  in  the  average  relative  resistance  values 
is  given  in  Fig.  6  for  the  three  tests  in  this  study.  In  these  tests,  the 
net  increases  in  cell  resistance  were  75%,  26%,  and  20%,  respectively, 
for  the  baseline  profile,  the  modified  profile,  and  the  calendar-life 
test. 

All  of  the  data  shown  in  Fig.  6  were  fitted  to  the  equation  at  +  b. 
The  values  of  the  fitting  parameters  and  regression  coefficients  are 
given  in  Table  2.  From  the  data  in  Table  2,  the  fits  were  good,  with 
values  of  r2  of  0.94  or  better.  Also  from  the  data  in  Table  2,  the  value 
of  a  for  the  modified  profile  was  approximately  44%  of  that  for  the 


Table  1 

Fitting  constants  and  regression  coefficients  using  the  data  shown  in  Fig.  4. 


Test  type 

Kinetic  law 

102  a  (s.d.) 

b  (s.d.) 

r2 

Calendar  life 

at^  +  b 

-6.11  (1.08  x  10"2) 

1.01  (2.65  x  10“2) 

0.91 

Baseline  profile 

at+b 

-2.73  (1.73  x  10"3) 

0.97  (1.15  x  10"2) 

0.99 

Modified  profile 

at+b 

-2.05  (2.07  x  10"3) 

0.98  (1.37  x  10  2) 

0.97 
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Table  2 

Fitting  constants  and  regression  coefficients  using  the  data  shown  in  Fig.  6. 


Test  type 

102a  (s.d.) 

b  (s.d.) 

r2 

Calendar  life 

2.95  (4.18  x  10-3) 

0.89  (2.77  x  10“2) 

0.94 

Baseline  profile 

8.90  (3.18  x  10-3) 

0.86  (2.11  x  102) 

0.99 

Modified  profile 

3.96  (3.25  x  10"3) 

0.89  (2.15  xlO  2) 

0.98 

baseline  profile.  Thus,  the  rate  of  resistance  increase  was  smaller 
using  the  modified  profile. 

Again,  using  the  fits  and  assuming  that  the  contributions  from 
calendar  time  and  cycling  time  combine  linearly,  the  contributions 
to  resistance  increase  from  calendar  time  were  subtracted,  yielding 
cycling-only  contributions  to  resistance  increase.  The  results  of 
this  subtraction  are  shown  in  Fig.  7.  A  least-squares  regression  of 
the  data  in  Fig.  7  showed  that  they  could  be  fitted  to  the  linear- 
with-time  equation,  at-hb,  with  values  of  r2  of  0.99  or  better. 
Indeed,  putting  the  fitted  values  into  this  equation  yields 
5.96  x  10~2t  —  2.84  x  10-2  and  1.01  x  W~2t-  1.70  x  1(T2,  respec¬ 
tively,  for  the  data  from  the  baseline  and  modified  profiles.  The 
standard  deviations  for  both  a  and  b  were  less  than  10~9in  both 
equations.  From  these  results,  the  net  resistance  increase  rate  using 
the  baseline  profile  was  about  5.9  times  greater  than  that  from 
using  the  modified  profile. 

3.2.3.  Effect  of  cycling  profile  on  energy  efficiency 

The  effects  of  the  tests  on  the  average,  relative  energy  efficien¬ 
cies  are  shown  in  Fig.  8.  In  this  plot,  efficiency  is  defined  as  (watt- 
hours  discharged  in  current  cycle )/( watt-hours  recharged  in  next 
cycle).  That  is,  the  recharge  came  after  discharging  the  cell 
completely.  After  completing  100  DST  cycles  to  -30%  SOC,  the  cells 
were  immediately  recharged  to  100%  SOC,  followed  by  a  full 
discharge  and  full  recharge. 

From  Fig.  8,  we  see  that  there  was  no  significant  change  in 
energy  efficiency  during  the  calendar-life  test.  There  was  a  decrease 
in  energy  efficiency  with  time  for  the  cycled  cells,  with  the  baseline 
case  being  the  worst.  The  calendar-life  cells  displayed  no  change  in 
energy  efficiency,  whereas  that  of  the  baseline  cycled  cells 
decreased  -7%  and  the  modified  profile  cells  decreased  -2%. 

4.  Discussion 

On  the  basis  of  Figs.  1—3,  the  ultracapacitor-modified  PFIEV 
profile  limited  the  exposure  of  the  cells  to  high  voltage.  Addition¬ 
ally,  the  modified  profile  also  limited  the  discharge  power  demands 
placed  on  the  cells.  The  cells  tested  with  this  profile  exhibited  less 
performance  decline  that  did  those  tested  with  the  baseline  profile. 
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Fig.  6.  Average  relative  resistance  at  50%  SOC  vs.  time.  The  data  are  shown  as  points, 
and  the  least-squares  fit  to  the  data,  as  solid  curves. 
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The  test  profiles  changed  both  the  total  performance  decline 
and  the  rate  at  which  it  declined.  This  was  seen  in  terms  of  capacity, 
resistance,  and  energy  efficiency  change.  For  example,  using  the 
calendar-time-free  results,  the  cells  tested  with  the  baseline  profile 
exhibited  three  times  the  capacity  loss  of  those  tested  with  the 
modified  profile  and  reached  that  level  of  performance  decline 
approximately  twice  as  fast. 

The  effects  of  the  modified  profile  on  net  resistance  increase  and 
the  rate  of  increase  were  even  more  striking.  Here,  the  differences 
were  on  the  order  of  a  factor  of  6.  The  total  resistance  increase  was 
higher  and  the  rate  of  increase  was  faster  using  the  baseline  profile 
than  using  the  modified  one. 

The  effect  of  the  cycling  profile  was  also  seen  in  the  changes  in 
energy  efficiency  of  the  cell.  Here,  the  effect  was  smaller  in  the 
absolute  sense  than  the  other  effects  observed.  Relatively  speaking, 
however,  the  modified  profile  energy  efficiency  losses  were  a  factor 
of  about  3  smaller  than  that  of  the  baseline  profile. 

There  are  many  possible  reasons  for  the  observed  effect  on 
performance  parameters.  For  example,  there  are  differences  in  the 


Fig.  5.  Data  shown  in  Fig.  4  with  the  contributions  from  calendar  time  removed. 


Fig.  7.  Data  shown  in  Fig.  6  with  the  contributions  from  calendar  time  removed. 
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Fig.  8.  Average  energy  efficiency  of  the  cells  vs.  time. 


Table  3 

Unsealed,  discharge  peak  power  and  net  energy  throughput  using  two  cycling 
profiles. 


Profile  name 

Discharge  peak 

Discharge  energy, 

Charge  energy, 

power,  kW 

W-h 

W-h 

Baseline 

50 

687.28 

141.67 

Modified 

24 

563.57 
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discharge  peak  power  and  discharge  and  regeneration  energy 
throughputs  using  the  baseline  and  modified  profiles.  These 
parameters  are  given  in  Table  3.  From  these  data,  the  peak  power 
demands  imposed  by  the  modified  profile  are  about  a  factor  of  2 
less  than  those  from  the  baseline.  With  less  power  demand,  there 
would  be  less  heating  and,  thus,  fewer  heat-induced  changes  in  cell 
performance.  Additionally,  since  an  ultracapacitor  is  used,  the 
modified  profile  also  demands  less  energy  throughput  on  discharge 
and  charge  from  the  cell.  The  energy  throughput  of  the  modified 
profile  is  about  82%  of  that  of  the  baseline  during  discharge  and  0% 
during  charge. 

With  no  charge  energy  in  the  ultracapacitor-modified  profile, 
the  cell  was  not  charged  to  high  voltages.  Time  at  high  voltages  has 
been  reported  to  be  detrimental  to  the  performance  of  many  cell 
chemistries,  leading  to  enhanced  capacity  fade  and  resistance 
increase  [7-14].  Thus,  using  an  ultracapacitor  can,  potentially, 
increase  the  life  of  the  cell. 


5.  Conclusion 

The  cycle  life  of  full-sized,  lithium-ion  batteries  based  on 
LiMn204  and  graphite  was  investigated  using  the  USABC  PHEV 
profile  and  a  modified  protocol  designed  to  simulate  the  effect  of  an 
energy  storage  system  consisting  of  an  ultracapacitor  in  parallel 
with  a  battery  in  a  plug-in  hybrid  electric  vehicle.  The  modified 
profile  avoids  exposure  to  regeneration  energy  and  reduces 
maximum  voltage  of  the  battery.  A  side-by-side  comparison  of 
battery  capacity  and  impedance  changes  with  and  without  the 
effects  of  the  ultracapacitor  was  performed.  Calendar-life  degra¬ 
dation  effects  were  corrected  for  by  using  control  cells.  The  results 
were  consistent  between  replicates.  The  battery’s  rate  of  cycle- 
related  capacity  degradation  was  decreased  by  a  factor  of  2  and 
cycle-related  impedance  degradation,  by  a  factor  of  5.9  when 
exposed  to  the  ultracapacitor-modified  PHEV  profile. 
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